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Evidence for the potential role of organ specific cardiovascular renin-angiotensin systems 
(RAS) has been demonstrated experimentally and clinically with respect to certain car- 
diovascular and renal diseases. These findings have been supported by studies involving 
pharmacological inhibition during ischemic heart disease, myocardial infarction, cardiac 
failure; hypertension associated with left ventricular ischemia, myocardial fibrosis and left 
ventricular hypertrophy; structural and functional changes of the target organs associated 
with prolonged dietary salt excess; and intrarenal vascular disease associated with end- 
stage renal disease. Moreover, the severe structural and functional changes induced by 
these pathological conditions can be prevented and reversed by agents producing RAS 
inhibition (even when not necessarily coincident with alterations in arterial pressure). In 
this review, we discuss specific fundamental and clinical aspects and mechanisms related 
to the activation or inhibition of local RAS and their implications for cardiovascular and renal 
diseases. Fundamental aspects involving the role of angiotensins on cardiac and renal 
functions including the expression of RAS components in the heart and kidney and the 
controversial role of angiotensin-converting enzyme 2 on angiotensin peptide metabolism 
in humans, were discussed. 
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INTRODUCTION 

The presence of local organ specific renin-angiotensin systems 
(RAS) has been demonstrated for the heart, large arteries and 
arterioles, kidneys, and other organs and their activation lead to 
structural and functional changes, which are independent of those 
elicited by the classical renin-angiotensin endocrine system ( 1-4) . 
Components of these local RAS, for instance, have been found in 
cells and tissues (5-8) and some of their local functions play an 
important role on cellular homeostasis. 

In this review, we present several clinical circumstances involv- 
ing certain cardiovascular diseases, which support the notion that 
the activation of local RAS plays an important role on the mecha- 
nisms of these pathological conditions. These vignettes cited also 
involve renal diseases because the renal glomerular and arterio- 
lar alterations contribute to the development and progression of 
end-stage renal disease (ESRD). 

CLINICAL CIRCUMSTANCES 

MYOCARDIAL INFARCTION AND CARDIAC FAILURE 

This first clinical cardiovascular local RAS example relates to the 
introduction of angiotensin-converting enzyme (ACE) inhibitors 



Abbreviations: ACE, angiotensin-converting enzyme; ACE2, angiotensin- 
converting enzyme 2; Ang (1-7), angiotensin (1-7); Ang II, angiotensin II; ARB, 
angiotensin receptor blocker; ESRD, end-stage renal disease; Iciswelb swelling- 
dependent chloride current; LV, left ventricle; LVH, left ventricular hyper- 
trophy; NO, nitric oxide; RAS, renin-angiotensin system; SHR, spontaneous 
hypertensive rats. 



and later to angiotensin II (type 1 ) receptor blocking agents (ARBs) 
to patients hospitalized with an initial myocardial infarction. This 
innovative therapeutic intervention proved to reduce ventricular 
remodeling in naturally developing spontaneously hypertensive 
rats (SHRs) (9) and following myocardial infarction in rats (10) 
then later in a small number of hospitalized patients (11) and, 
ultimately, in a larger clinical trial involving patients enrolled in 
the survival and ventricular enlargement (SAVE) trial (12). Thus, 
in patients who were promptly treated with an ACE inhibitor, 
immediately following acute myocardial infarction, a significant 
reduction in death, development of heart failure, and subsequent 
repeated myocardial infarction were found. Several subsequent 
multicenter clinical trials, using other ACE inhibitors or the newer 
ARBs, confirmed the initial findings thereby demonstrating their 
beneficial effects on ventricular remodeling, reduction in the end- 
stage events of cardiac failure, and repeated myocardial infarction 
(13). The finding that these beneficial effects can occur inde- 
pendently of blood pressure supports the conclusion that the 
activation of local RAS contributes significantly to cardiovascular 
pathology (14). 

HYPERTENSIVE HEART DISEASE 

Similar evidence involving therapeutic intervention was demon- 
strated by the findings of the initial Veterans Administration 
Cooperative Study Treatment Group on Antihypertensive Agents 
(15, 16) and by the Framingham Heart Study's first demonstra- 
tion of "Factors of Risk" underlying coronary heart disease (17). 
The existence that cardiac failure and left ventricular hypertrophy 
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(LVH), respectively, were first introduced by these two groups, to 
interdict in the major cardiac fatal and treatable complications 
of hypertensive heart disease (15-17). Subsequent reports later 
demonstrated that these two major complications of hypertensive 
heart disease were prevented by antihypertensive therapy. They 
also introduced the means to reduce left ventricular (LV) mass and 
its co-morbid events ( 18). In more recent years, increased LV mass 
and LVH were shown to be associated with extensive interstitial 
and perivascular fibrosis as well as by significant ischemia of both 
ventricles (18-20). Furthermore, when patients with LVH associ- 
ated with hypertension (but not by co-existent occlusive coronary 
artery disease) were also treated with RAS inhibitors, the fibrosis 
and ischemia were significantly reduced (18-22). This, then, pro- 
vided additional evidence of the beneficial value of local cardiac 
RAS inhibition. 

The precise mechanisms underlying the development of LVH 
have usually been explained as an adaptive compensation by 
the LV to pressure overload by the hypertensive disease. Newer 
information has been introduced more recently concerning the 
development of fibrosis, apoptosis, aldosterone, and other induced 
cellular biochemical events in the LV. Others have suggested that 
angiotensin II (Ang II) causes hypertension and LVH through 
actions of ATI receptors expressed by the kidney that reduce 
urinary sodium excretion (23) not involving Ang Il-mediated 
aldosterone responses. 

PROLONGED DIETARY SALT EXCESS 

Two very different diseases involving local RAS in the heart as 
well as in the glomerular arterioles of the kidneys (24-26) sup- 
port the important role of local RAS. SHRs receiving long-term 
dietary salt excess have shown remarkably similar pathophysio- 
logical expressions of disease similar to those which occurs in 
patients with hypertension having ventricular fibrosis, myocardial 
ischemia, and heart failure or with ESRD (27-29). These end-stage 
events occur in patients with hypertension and/or with diabetes 
mellitus having ESRD with intrarenal fibrosis and hyaline degen- 
eration of the glomerulae and arterioles. As with the foregoing 
diseases that were shown by controlled multicenter drug trials 
using Ang II inhibitors described above, the progression of ESRD 
was also shown to be significantly retarded (30, 31). Interestingly, 
a recent report of SHR, given a prolonged dietary excess of salt, 
demonstrated a second local renal RAS (in addition to that of 
the juxtaglomerular apparatus) that produced a more plentiful 
production of angiotensinogen (32). 

Finally, a word of speculation may be in order involving end- 
stage cardiac and renal diseases, the most common causes of hos- 
pitalization in geriatric hypertensive (or normotensive) patients 
from industrialized nations (33). These data suggest that a life- 
time of excessively high salt intake together with these untoward 
outcomes maybe intimately associated with the aging process (34). 
Indeed perhaps this may also relate to our new knowledge about 
local RAS in heart, arteries and arterioles of the kidneys. 

FUNDAMENTAL ASPECTS BEHIND THE FOREGOING 
CLINICAL EXAMPLES 

Experimental evidence supporting the notion that local RAS are 
present in different organs including the heart and kidney (3, 4, 



35-40) has opened a new window into our understanding of how 
the local RASs contributes to local regulation of tissue and organ 
function. The synthesis of several components of the RAS in the 
heart (8, 41) or their uptake from plasma (8, 36, 41), for instance, 
makes it possible to explain the synthesis of Ang II locally (41). 
Furthermore, the presence of ATI receptors, angiotensinogen and 
Ang II in different cells (8), supports the concept of local RAS. In 
the normal heart of pigs as much as 75% of cardiac Ang II is syn- 
thesized at tissue sites (42) whereas in human beings, the gradients 
of Ang II across the heart were increased in patients with congestive 
heart failure (5). Rapid internalization of the Ang II- ATI receptor 
complex, contributes significantly to the intracellular levels of the 
peptide [see for review Ref. (43)] and the internalized ATI recep- 
tor, is displaced to different organelles including the nucleus and 
mitochondria (43-47). Activation of ATI receptor binding sites in 
renal nuclei has been found to elicit an increase in calcium (48) 
and in the expression of TGF-B1 and NHE-3 (46). Concerning 
the role of the local renal RAS on the generation of hypertension, 
recent studies revealed that the infusion of Ang II into mice lack- 
ing renal ACE, indicated no renal responses or hypertension in the 
knockout mice compared with wild-type control (49). 

Transgenic mouse models developed to examine the role of the 
local RAS on cardiac remodeling, generated contradictory results 
revealing ventricular hypertrophy or fibrosis in some models but 
not in other (40, 50, 51) leading to the conclusion that cardiac 
remodeling is probably much more dependent on hemodynamic 
changes than on local Ang II levels. In hypertensive transgenic 
mouse lacking the synthesis of angiotensinogen, for instance, the 
local components of the RAS do not seem to be essential for the 
subsequent development of ventricular hypertrophy and fibrosis 
(41). The production of Ang II, in cardiac muscle caused by a 
ctMHC promoter, increases the release of Ang II by 20-fold, but 
not hypertrophy was produced (51). On the other hand, in trans- 
genic mouse lines over- expressing angiotensinogen by the heart, 
Ang II is increased in cardiac muscle but not in plasma (52) and 
ventricular hypertrophy was found despite no change in blood 
pressure. In these models, the hypertrophy was abolished by ACE 
inhibitors or ATI blockers (53), again supporting the notion of 
a local RAS. Xu et al. (54) found that when hemodynamic load- 
ing conditions remain unchanged, cardiac Ang II does not elicit 
hypertrophy but in animals with hypertension, cardiac Ang II, 
acting via AT(1)R, increases oxidative stress, inflammation, ven- 
tricular hypertrophy, and cell death (probably via down regulation 
of PI 3 kinase and Akt). 

These apparent discrepant results achieved with different trans- 
genic models could be related to the use of different animal species 
or experimental conditions. Furthermore, the only parameter used 
to define cardiac remodeling in many of these studies was ventric- 
ular hypertrophy and other aspects of cellular remodeling like cell 
communication, fibrosis as well as expression and function of ionic 
channels were not considered. 

Concerning the origin of cardiac renin, evidence is available 
that in the normal heart, cardiac renin is dependent on its uptake 
from plasma (6, 36, 42) but studies performed after myocardial 
infarction (55) or after stretch of cardiomyocytes (40) showed 
increased renin expression. Furthermore, a renin transcript that 
does not encode a secretory signal and remains inside the cell is 
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over-expressed during myocardial infarction (55, 56) suggesting 
that intracellular renin has functional properties. The cytosolic 
renin protein exerts functions different and even opposite to those 
of secretory renin, which increases necrotic death rates of cardiac 
cells, while the cytosolic renin isoform even protects cells from 
necrotic death (56). In adrenal gland, a local secretory RAS exists 
that may stimulate aldosterone production and elicits an amplifi- 
cation for circulating angiotensin (Ang II) (57). The regulation of 
the secretory adrenal RAS is clearly different from the regulation 
of the circulatory RAS because under potassium load, the activity 
of the renal and circulatory RAS is suppressed whereas activity of 
the adrenal RAS is stimulated (57). 

The function of intracellular renin and Ang II was demon- 
strated when renin or Ang II was dialyzed into cardiac myocytes 
from the failing heart. Renin, and particularly Ang II, decreased cell 
communication and increased the inward calcium current (37, 58, 
59). The decrease of gap junction conductance leads to a decrease 
of electrical coupling and mechanical desynchronization as well as 
the generation of slow conduction and cardiac arrhythmias (60, 
61). Recent studies performed on the intact ventricle of normal rats 
revealed that intracellular renin causes a depolarization of ventric- 
ular fibers and a decreased action potential duration at 50 and 90% 
repolarization, respectively while the cardiac refractoriness was 
significantly decreased with consequent generation of triggered 
activity (59). The intimate mechanism by which intracellular renin 
alters cardiac excitability involves changes of potassium current, 
which is responsible for repolarization of the action potential (59). 
The possible role of an intracellular renin receptor (62), which is 
activated by renin (62, 63), cannot be discarded and further studies 
will be needed to support this idea. The pathophysiological signif- 
icance of intracellular renin is far from clear and further studies 
will be needed to clarify this point. 

RECENT DEVELOPMENTS 

Our view of the RAS has been changed dramatically in recent 
years with studies demonstrating that Ang II can be hydrolyzed by 
angiotensin-converting enzyme 2 (ACE2), angiotensinases as well 
as neprilysin generating angiotensin (1-7) [Ang (1-7)], Ang A, 
Ang IV, and Ang III (64-66) and that new receptors for Ang (IV) 
(AT4), prorenin [(pro)renin receptor (PRR)], and Mas receptor 
for Ang (1-7) have been identified (67-70). Interestingly, the acti- 
vation of prorenin receptor is able not only to catalyze prorenin to 
Ang II but also to induce cellular responses not related to the pep- 
tide (71, 72). Of particular interest is the recent finding that not all 
the peptides from RAS are derived from Ang I. The plasma levels 
of Ang (1-12), initially isolated from the rat intestine and present 
in heart, aorta, and kidney (73, 74) are not altered by renin inhibi- 
tion or bilateral nephrectomy, which suggests a local effect of Ang 
(1-12) in tissues independently of the systemic circulation (73, 
74). Chymase seems to be the most important enzyme involved 
in the metabolism of Ang (1-12), at least in the heart (75). Other 
studies of Ang (1-12) metabolism indicated that in the plasma of 
normal or hypertensive rats, ACE has a role generating Ang I from 
Ang (1-12) (76). 

A new component of the RAS is amantadine, which is a hep- 
tapeptide possessing functions similar to those of Ang ( 1-7) and 
found in human plasma particularly in patients with ESRDs (77). 



The vasodilation caused by amantadine was not inhibited in Mas- 
deficient mice (77) suggesting its interaction with another Mas 
receptor. The precise role of this compound on cardiovascular 
disease is not known. 

AT2 RECEPTORS 

Although it is known that the effect of Ang II on cardiac and vas- 
cular remodeling involves the activation of ATI receptors, recent 
studies revealed that the AT2 receptor activation causes vasodi- 
lation and its agonist C21 is able to decrease myocardial fibrosis 
and vascular injury in SHRs [see Ref. (66, 78)]. The role of AT2 
receptors on cardiac remodeling is supported by studies using 
AT2 -knockout mice and the results indicated that this receptor 
plays an essential role in the development of ventricular hyper- 
trophy induced by pressure overload (79) [see Ref. (80)]. AT2 
receptor activation seems to inhibit inflammation and apoptosis 
(81), attenuates cardiopulmonary injury by decreasing pulmonary 
inflammation (82) and in obese animals, long-term activation of 
AT2 receptors increases ACE2 activity and contributes to natriure- 
sis and blood pressure reduction (83). The natriuresis is probably 
related to Ang III (84). 

Myocardial fibrosis impairs ventricular relaxation and is an 
important cause of diastolic heart failure. The presence of fibro- 
sis is not limited to the left ventricle and is found in the right 
ventricle as well as in the interventricular septum, suggesting that 
hypertension is not the only factor involved but also local produc- 
tion of Ang II is involved (85). The fibrotic action of the peptide 
within the heart seems to depend on fibroblast hyperplasia as well 
as activation of collagen biosynthesis and suppression of collagen 
degradative pathways. Activation of pathways related to ATI recep- 
tors as well as MAP/endoplasmic reticulum (ER) kinase pathway 
activation play a key role of the generation of fibrosis and recently, 
evidence has been provided that Ang II AT2 receptors prevent car- 
diac remodeling after myocardial infarction and improve cardiac 
function (86). 

THE (PRO)RENIN RECEPTOR 

The PRR (71), mainly located intracellularly (62), is a new mem- 
ber of the RAS, originally considered as involved in the regulation 
of blood pressure. Recent observations using transgenic animals 
over-expressing PRR did not provide a clear answer to this ques- 
tion but demonstrated different aspects of PRR biology. It is now 
clear that PRR is an accessory protein of V-ATPase (87) playing an 
important role on the regulation of several cellular homeostatic 
processes including autophagy (88). 

A knockout model generated by Kinouchi et al. (89) showed 
death within 3 weeks and an accumulation of vesicles and 
autophagosomes in cardiomyocytes indicating a change in 
autophagic flux. The role of PRR on the etiology of cardiovas- 
cular diseases, however, is not clear and further studies will be 
needed to clarify this point. 

ADIPOCYTES AND REGULATION OF ANG II PLASMA LEVELS 

The presence of a local RAS in adipocytes is supported by recent 
findings showing that RAS is activated during obesity in humans 
and that obesity-prone rats show increased levels of Ang II and 
hypertension (84). In mice over-expressing angiotensinogen in 
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adipocytes, the plasma levels of Ang II are increased as well as 
the systolic blood pressure (90). On the other hand, adipocyte- 
specific deficiency of angiotensinogen prevented the obesity- 
induced increase in plasma levels of Ang II (84) indicating an 
important role of adipocytes on the regulation of Ang II plasma 
levels and on ulterior consequences including hypertension and 
vascular remodeling. 

INTRACRINE ACTION OF ANGIOTENSIN II IN THE HEART AND 
MESENTERIC ARTERIES 

The concept of an intracrine renin-angiotensin aldosterone sys- 
tem (RAAS) in the heart has been substantially supported (3, 5-7, 
37). When eplerenone was administered chronically to the failing 
heart, the intracellular action of Ang II on the inward calcium 
current (91) was abolished, an effect reversed by aldosterone and 
related to a decrease of intracellular ATI receptor levels (91). The 
activation of the intracrine RAAS might be involved in the gener- 
ation cellular hypertrophy (92, 93), cardiac arrhythmias (60), and 
on regulation of vascular tone (94). 

Of particular interest was the recent finding that intracellular 
administration of Ang II to arterial myocytes isolated from mesen- 
teric arteries of Sprague Dawley rats increased the total potassium 
current and the resting potential, whereas extracellular admin- 
istration of Ang II reduced total potassium current and elicited 
depolarization of smooth muscle cells (94). These effects of intra- 
cellular Ang II on potassium current and membrane potential were 
inhibited by dialyzing a PKA inhibitor inside the cell together with 
Ang II (94). Because it is well known that the resting potential is a 
determinant factor on the regulation of vascular tone (95), these 
results might indicate that endogenous or internalized intracellu- 
lar Ang II in vascular resistance vessels counteracts the effect of 
extracellular Ang II and plays an important role on the regulation 
of vascular tone and peripheral resistance (94). 

MITOCHONDRIA AND INTRACRINE RENIN-ANGIOTENSIN SYSTEM 

A revealing finding was that in the ER, renin cleaves angiotensino- 
gen to Ang I, which is subsequently processed to Ang II by 
ACE (96). Different components of the RAS including the pro- 
cessing enzymes, angiotensins, and their receptors can be trans- 
ported intracellularly via secretory vesicles to the cell surface, to 
mitochondria, or to the nucleus. 

Activation of the mitochondrial Ang system is coupled to mito- 
chondrial nitric oxide (NO) production and the binding of Ang 
II to mtAT2Rs stimulates NO formation through mtNOS, sup- 
pressing mitochondrial oxygen consumption. Nuclear Ang II can 
stimulate NO formation (viaAT2Rs) orCa 2+ andphosphoinositol 
3 kinase (PI3K) via ATlRs (96). The pathophysiological meaning 
of the presence of renin or Ang II in mitochondria is not known, 
but considering the role of Ang II on oxidative stress, it is possible 
to think that activation of ATI or AT2 receptors in mitochondria 
might be involved in the etiology of heart or kidney failure. 

CELL VOLUME CHANGES EVERYTHING. MECHANICAL SENSITIVITY OF 
HEART MUSCLE AND CARDIAC REMODELING 

One of the important limitations on studies of cellular functions 
is the assumption that cell volume is constant. It is known that 
preservation of cell volume is fundamental for cell function and 



survival and that several mechanisms are working constantly in 
order to maintain cell volume. Changes in metabolism and the 
transport of osmotically active substances across the cell mem- 
brane are important causes of cell volume variations. It is well 
known that metabolic pathways are sensitive to changes in cell 
volume and that glycolysis is inhibited by cell swelling [see Ref. 

(97) ]. Cell swelling, which activates several ionic channels at the 
cell membrane, changes the action potential duration and alters 
cardiac excitability. 

Recently, it has been shown that that the RAAS is involved in the 
regulation of cell volume in normal as well as in the failing heart 

(98) . Indeed, in myocytes isolated from the failing ventricle and 
exposed to renin plus angiotensinogen or to Ang II, an increase 
of cell volume was seen concurrently with the inhibition of the 
sodium pump (98). The activation of the Na-K-2C1 cotransporter 
is involved in the effect of Ang II because bumetanide abolished 
the swelling induced by the peptide (98). Ang II also increases the 
swelling-dependent chloride current (Iciswell) in the failing and in 
the normal heart (98), while Ang (1-7), which has been found to 
counteract many effects of Ang II (99), reduces the heart cell vol- 
ume and decreases the swelling-activate chloride current (Iciswell) 
(98). This effect of the heptapeptide might be involved in the ben- 
eficial effect of Ang (1-7) by decreasing the incidence of cardiac 
arrhythmias during ischemia/reperfusion (65, 100, 101). 

Experimental studies using low doses of aliskiren in hyperten- 
sive TGR(mRen2) 27 rats, revealed a decreased structural and elec- 
trical cardiac remodeling independently of blood pressure (102) 
supporting the notion that the renin inhibitor has a direct effect on 
the heart. The beneficial effect of aliskiren was related to a decrease 
of ATI receptor levels. Because ATI receptors are mechanosensors 
(103) independently of Ang II [see also Ref. (104)], it is reasonable 
to think that mechanical stress is able to produce cardiac remod- 
eling even in absence of the peptide. These findings leads to the 
hypothesis that cardiac remodeling elicited by pressure overload, 
depends upon the mechanical sensitivity of the cardiac muscle 
to mechanical stimulation (102) determined by the expression of 
mechanosensors like ATI receptors. 

ON THE ROLE OF ACE2 

Angiotensin-converting enzyme 2 is a newly discovered enzyme 
having a high homology to ACE and able to hydrolyze Ang II to 
the peptide Ang (1-7) (105, 106). Ang (1-7) counteracts the pres- 
sor effects of Ang II as well as the proliferative and profibrotic 
effects of the peptide (65, 69, 70, 99, 100, 107, 108), reduces the 
incidence of heart failure after myocardial infarction in rats (99) 
and humans (109), and enhances the cardiac function, coronary 
perfusion, and aortic endothelial function (99). Previous studies 
have shown that Ang (1-7) increases the conduction velocity in 
the failing heart (100, 101) and decreases the incidence of slow 
conduction and reentry. Recently, evidence has been provided 
that the activation of the ACE2-Ang (1-7) -Mas receptor axis is 
involved in the regulation of heart cell volume (110) as well as in 
the magnitude of the swelling-activated chloride current I(ciswell)- 
This effect of Ang (1-7) was inhibited by ouabain, supporting 
the view that the heptapeptide activates the sodium pump. Ang 
II, on the other hand, had an opposite effect on heart cell vol- 
ume causing cell swelling and increasing the swelling-activated 
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chloride current (110). During myocardial ischemia, cell swelling 
elicited by the inward movement of water increases I(ciswdl) with 
consequent decrease of cardiac refractoriness. These observations 
support the notion that the activation of the ACE2 -Ang ( 1-7) -Mas 
receptor axis is of benefit reducing the cell volume and the inci- 
dence of cardiac arrhythmias during ischemia-reperfusion (110). 
In other studies, it was found that the loss of ACE2 accelerates 
the maladaptive LV remodeling after myocardial infarction (111). 
Interestingly, perinuclear immunostaining of the Ang (1-7) was 
found in mesangial cells (112) and very low concentrations of 
Ang (1-7) stimulated NO release opening the possibility that 
intracellular Ang (1-7) has also an intracrine effect. 

Although compelling evidence has been presented supporting 
the view that ACE2 activation counteracts the effects of Ang II 
in ventricular muscle, some fundamental aspects of the biological 
significance of ACE2-Ang (l-7)-Mas receptor axis remain unclear. 
Overexpression of ACE2 in the failing heart, for instance, does not 
prevent the progression of human heart failure (109). In human 
coronary circulation, the levels of Ang (1-7) were found to be 
linked to those of Ang I not Ang II, indicating no role of ACE2 on 
Ang II metabolism (113). This finding is not in agreement with 
previous studies on human heart failure showing that ACE2 plays 
an important role on Ang II metabolism (109). 

In the kidney, evidence has been presented that Ang (1-7) 
causes vasodilation in renal tubuli and counteracts the effect of 
ATI receptor activation in several renal diseases such as tubuloin- 
terstitial fibrosis, diabetic nephropathy and glomerulonephritis. 
Under some experimental conditions, however, Ang (1-7) maybe 
harmful by exacerbating renal injury [seeRef. (114)]. This suggests 
that the state of activation of local RAS, the involvement of non- 
Mas receptor mediated pathways, or even the dose might explain 
the discrepant results (65). 

ON THE ROLE OF ALDOSTERONE AND MINERAL0C0RTIC0ID 
RECEPTORS 

There is experimental and clinical evidence that aldosterone causes 
fibrosis in the cardiovascular system. The RALES trial, for instance, 
indicated a beneficial effect of spironolactone on morbidity and 
mortality in patients with heart failure mainly related to the 
decrease of fibrosis (115) RALES. The contribution of aldosterone 
to the effect of local RAS activation has been supported by several 
studies [see Ref. (3)] and justifies the concept of a local RAAS. 
Although the expression of aldosterone synthase as well as the 
synthesis of aldosterone seems unlikely in the normal heart, it has 
been reported an enhanced synthesis of aldosterone in the fail- 
ing heart (116, 117). Furthermore, elevated plasma aldosterone 
levels are associated with increased incidence of heart attack and 
stroke (118). 

In vascular smooth muscle as well as in immune cells, the local 
RAAS plays an important role on endothelial dysfunction and 
contributes to the production of arterial stiffness. In humans with 
obesity and diabetes, the RAAS is associated with enhanced oxida- 
tive stress and inflammation in the vascular tissue supporting the 
view that the mineralocorticoid receptors play a role on genera- 
tion of insulin resistance (119). Indeed, basic and clinical studies 
have demonstrated that elevated plasma aldosterone levels predict 
the development of insulin resistance by interfering with insulin 



signaling in vascular tissues. Aldosterone suppresses insulin sig- 
naling via the downregulation of insulin receptor substrate- 1 in 
vascular smooth muscle cells (120, 121). 

Recent observations indicated that spironolactone enhances 
the beneficial effect of aliskiren on cardiac structural and elec- 
trical remodeling in TGR(mRen2)27 rats (122) and that chronic 
administration of eplerenone to the failing heart reduces the car- 
diac effect of Ang II on inward calcium current through a decline in 
ATI receptor level at the surface cell membrane (91). Because ATI 
receptor is a mechanosensor involved in cardiac remodeling, it is 
reasonable to think that part of the beneficial effect of spironolac- 
tone in the failing heart is related to a smaller sensitivity of cardiac 
muscle to mechanical stress. 

SUMMARY 

Recent findings that Ang II can be hydrolyzed by ACE2 and 
neprisylin as well the evidence of new receptors for Ang (IV), Ang 
(1-7), and Ang III, and the possibility that Ang (1-12) might be 
the mother of all angiotensins are other evidences of how complex 
is the RAS. The observation that in human coronary circulation, 
the levels of Ang (1-7) are related to those of Ang I, but not of 
Ang II, lead to the question whether many aspects of Ang (1-7) 
pharmacology are different in humans. 

The presence of a local RAS in adipocytes and the observa- 
tion that the RAAS is activated during obesity in humans, seem to 
demonstrate how important is this local system on the generation 
of obesity and hypertension. 

The relevance of cell volume and mechanical stretch as a reg- 
ulators of chloride or potassium channels and the role of ATI 
receptors as mechanosensors independently of Ang II indicates 
that during myocardial ischemia or heart failure, abnormalities 
on the electrical properties of the heart and cardiac remodel- 
ing can be produced independently of the RAS but able to alter 
the effect of Ang II and Ang (1-7). The recent observation that 
intracellular Ang II counteracts the effects of extracellular Ang II 
on potassium current and resting potential in mesenteric arter- 
ies leads to the question whether internalized or endogenous 
levels of Ang II in vascular resistance vessels represent an impor- 
tant factor on the regulation of peripheral resistance and arterial 
blood pressure. Furthermore, evidence that components of the 
RAS are present in mitochondria and in the nucleus raises the 
possibility that the activation of ATI and AT2 receptors in these 
organelles influences gene expression and oxidative stress, which 
is an important cause of cellular dysfunction and the cause of 
several diseases. Further studies on all these areas will provide 
opportunity to prevent and treat cardiovascular and renal dis- 
eases. The possible role of PRRs on the regulation of cellular 
homeostasis including autophagy as well as the importance of 
Ang II AT2 receptors on ventricular hypertrophy needs to be 
clarified. 

REFERENCES 

1. Frohlich ED, Re RN, editors. Hypertensive heart diseases: time for new par- 
adigms. In: The Local Cardiac Renin Angiotensin System. New York: Springer 
(2006). p. 1-5. 

2. Frohlich ED, Re RN, editors. Are local renin angiotensin systems the focal points 
for understanding salt sensitivity in hypertension? In: The Local Cardiac Renin - 
Angiotensin-Aldosterone System. 2nd ed. New York: Springer (2009). p. 1-6. 



www.frontiersin.org 



February 2014 | Volume 5 | Article 16 | 5 



De Mello and Frohlich 



Local cardiovascular and renal RAS 



3. De Mello WC, Frohlich ED, editors. Clinical import of the local renin 
angiotensin aldosterone systems. In: Renin Angiotensin System and Cardiovas- 
cular Disease. New York: Humana Press (2009). p. 7-14. 

4. Bader M, Ganten D. Update on tissue renin-angiotensin systems. / Mol Med 
(Berl) (2008) 86(6):615-21. doi:10.1007/s00109-008-0336-0 

5. Serneri GGN, Boddi M, Cecioni I, Vanni S, Coppo M, Papa ML, et al. Car- 
diac angiotensin II formation in the clinical course of heart failure and 
its relationship with left ventricular function. Circ Res (2001) 88:961-8. 
doi:10.1161/hh0901.089882 

6. Re RN. Local renin angiotensin systems in the cardiovascular system. In: De 
Mello WC, Frohlich ED, editors. Renin Angiotensin System and Cardiovascular 
Disease. New York: Humana Press (2009). p. 25-34. 

7. Re RN, Cook JL. Intracrine function from angiotensin to stem cells. In: Frohlich 
ED, Re RN, editors. The Local Cardiac Renin Angiotensin System. New York: 
Humana Press (2009). p. 91-100. 

8. Kurdi M, De Mello WC, Booz GW. Working outside the system: an update 
on unconventional behavior of the renin angiotensin system components. 
IntJBiochem Cell Biol (2005) 37:1357-67. doi:10.1016/j.biocel.2005.01.012 

9. Pfeffer MA, Pfeffer JM, Frohlich ED. Pumping ability of the hypertrophying 
left ventricle of the spontaneously hypertensive rat. Circ Res (1976) 38:423-9. 
doi:10.1161/01.RES.38.5.423 

10. Pfeffer MA, Pfeffer JM, Braunwald E. Influence of chronic captopril ther- 
apy on the infracted left ventricle of the rat. Circ Res (1985) 57:84-95. 
doi:10.1161/01.RES.57.1.84 

11. Pfeffer JM, Pfeffer MA, Mirsky I, Braunwald E. Regression of left ventricular 
hypertrophy and prevention of left ventricular dysfunction by captopril in the 
spontaneously hypertensive rat. Proc Natl Acad Sci USA (1982) 79:3310-4. 
doi:10.1073/pnas.79.10.3310 

12. Pfeffer MA, Braunwald E, Moye' LA, Basta L, Brown EJ Jr, Cuddy TE, et al. 
Effect of captopril on mortality and morbidity in patients with left ven- 
tricular dysfunction after myocardial infarction. Results of the survival and 
ventricular enlargement trial. N Engl J Med (1992) 327:669-77. doi:10.1056/ 
NEJM199209033271001 

13. Pfeffer MA, Frohlich ED. Improvements in clinical outcomes with the use of 
angiotensin-converting enzyme inhibitors: cross-fertilization between clinical 
and basic investigation. Am J Physiol Heart Circ Physiol (2006) 291:H2021-5. 
doi: 10. 1 1 52/ajpheart.00647.2006 

14. Neri Serneri GG, Boddi M, Coppo M, Chechi T, Zarone N, Martelli M, et al. 
Evidence for the existence of a functional cardiac renin-angiotensin system in 
humans. Circulation (1996) 94:1886-95. doi:10.1161/01.CIR.94.8.1886 

15. Veterans Administration Cooperative Study Group on Antihypertensive 
Agents. Effects of treatment on morbidity in hypertension. Results in patients 
with diastolic blood pressures averaging 115 through 129 mm Hg. JAMA (1967) 
202:1028-34. doi:10.1001/jama.202.11.1028 

16. Veterans Administration Cooperative Study Group on Antihypertensive 
Agents. Effects of treatment on morbidity in hypertension. II. Results in 
patients with diastolic blood pressure averaging 90 through 114 mm Hg. JAMA 
(1970) 213:1143-52. doi:10.1001/jama.213.7.1143 

17. Kannel WB, Dawber TR, Kagan A, Revotskie N, Stokes J. Factors of risk in 
the development of coronary heart disease - six year follow-up experience. 
The Framingham Study. Ann Intern Med (1961) 55:33-60. doi:10.7326/0003- 
4819-55-1-33 

18. Frohlich ED. Risk mechanisms in hypertensive heart disease. Hypertension 
(1999) 34:782-9. doi:10.1161/01.HYP.34.4.782 

19. Brilla CG, Janicki JS, Weber KT. Cardioreparative effects of lisinopril in rats 
with genetic hypertension and left ventricular hypertrophy. Circulation (1991) 
83:1771-9. doi:10.1161/01.CIR.83.5.1771 

20. Diez J, Querejata R, Lopez B, Gonzalez A, Larman M, Martinez-Ubago JL. 
Losartan-dependent regression of myocardial fibrosis is associated with reduc- 
tion of left ventricular chamber stiffness in hypertensive patients. Circulation 
(2002) 105:2512-7. doi:10.1161/01.CIR.0000017264.66561.3D 

21 . Diez J. Towards a new paradigm about hypertensive heart disease. Hypertensive 
diseases: current challenges, new concepts and management. Med Clin North 
Am (2009) 93:637-45. doi:10.1016/j.mcna.2009.02.002 

22. Diez J, Frohlich ED. A translational approach to hypertensive heart 
disease. Hypertension (2010) 55:1-8. doi:10.1161/HYPERTENSIONAHA.109. 
141887 

23. Crowley SD, Gurley SB, Herrera MJ, Ruiz P, Griffiths R, Kumar AP, et al. 
Angiotensin II causes hypertension and cardiac hypertrophy through its 



receptors in the kidney. Proc Natl Acad Sci USA (2006) 103(47):17985-90. 
doi:10.1073/pnas.0605545103 

24. Frohlich ED. Salt and multiorgan damage in hypertension. Vascular stiffen- 
ing and cardiorenal structural dysfunction responses. In: Safar ME, O'Rourke 
MF, Frohlich ED, editors. Pulse Pressure and Cardiovascular Stiffness. London: 
Springer- Verlag (2014) (in press). 

25. Frohlich ED. The salt conundrum: a hypothesis. Hypertension (2007) 50:161-6. 
doi:10.1161/HYPERTENSIONAHA.107.088328 

26. Frohlich ED, Susie D. Sodium and its multiorgan targets. Circulation (2011) 
124:1882-5. doi:10.1161/CIRCULATIONAHA.111.029371 

27. Appel LJ, Frohlich ED, Hall JE, Pearson TA, Sacco RL, Seals DR, et al. The impor- 
tance of population-wide sodium reduction as a means to prevent cardiovas- 
cular disease and stroke: a call to action from the American Heart Association. 
Circulation (2011) 123:1138-43. doi:10.1161/CIR.0b013e31820d0793 

28. Whelton PK, Appel LJ, Sacco RJ, Anderson CAM, Antman EM, Campbell N, 
et al. Sodium, blood pressure, and cardiovascular disease: further evidence sup- 
porting the American Heart Association sodium reduction recommendations. 
Circulation (2012) 126:2880-9. doi:10.1161/CIR.0b013e318279acbf 

29. Kotchen TA, Cowley AW Jr, Frohlich ED. Salt in health and disease - a delicate 
balance. N Engl J Med (2013) 368:1229-37. doi:10.1056/NEJMral212606 

30. Lewis EJ, Hunsicker LG, Bain RP, Rolude RD. The effect of angiotensin- 
converting-enzyme inhibition on diabetic nephropathy. The Collabora- 
tive Study Group. N Engl J Med (1993) 320:1456-62. doi:10.1056/ 
NEJM199311113292004 

31. Brenner BM, Cooper ME, de Zeeuw D, Keane WF, Mitch WE, Parving HH, 
et al. Effects of losartan on renal and cardiovascular outcomes in patients 
with type 2 diabetes and nephropathy. N Engl J Med (2001) 345:861-9. 
doi:10.1056/NEJMoa011161 

32. Susie D, Frohlich ED, Kobori H, Shao W, Seth D, Navar LG. Salt-induced renal 
injury in SHRs is mediated by ATI receptor activation. / Hypertens (2011) 
29: 1 7-26. doi: 10. 1097/HJH.ObO 13e3283440683 

33. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JL Jr, et al. 
The seventh report of the joint national committee on prevention, detection, 
evaluation, and treatment of high blood pressure: the JNC 7 report. JAMA 
(2003) 289:2560-72. doi:10.1001/jama.289. 19.2560 

34. Ferder LF. Cellular oxidative stress, aging and the local RAS. In: Frohlich ED, 
Re RN, editors. The Local Cardiac Renin-Angiotensin-Aldosterone System. New 
York: Humana Press (2006). p. 201-17. 

35. De Mello WC. Is an intracellular renin angiotensin system involved in the con- 
trol of cell communication in heart? / Cardiovasc Pharmacol (1994) 23:640-6. 
doi:10.1097/00005344-199404000-00018 

36. De Mello WC, Danser AHJ. Angiotensin II and the heart - on the intracrine 
renin 431 angiotensin system. Hypertension (2000) 35:1183-8. doi:10. 1161/01. 
HYP.35.6.1183 

37. De Mello WC. Intracellular angiotensin II regulates the inward calcium current 
in cardiac myocytes. Hypertension (1998) 32:076-82. doi:10.1161/01.HYP.32. 
6.976 

38. Re RN, Cook JL. The basis of an intracrine physiology. / Clin Pharmacol (2008) 
48:344-50. doi:10.1177/0091270007312155 

39. Kumar R, Singh VP, Baker KM. The intracellular renin angiotensin sys- 
tem: implications in cardiovascular remodeling. Curr Opin Nephrol Hypertens 
(2008) 17:168-73. doi:10.1097/MNH.0b013e3282f521a8 

40. Kantachuvesiri S, Fleming S, Peters J, Peters B, Brooker G, Lammie AG, 
et al. Controlled hypertension, a transgenic toggle switch reveals differential 
mechanisms underlying vascular disease. / Biol Chem (2001) 276:36727-33. 
doi:10.1074/jbc.M103296200 

41. Bader M. Role of the local renin-angiotensin system in cardiac damage: a 
minireview focussing on transgenic animal models. J Mol Cell Cardiol (2002) 
34:1455-62. doi:10.1006/jmcc.2002.2077 

42. Danser AH, van Kats JP, Admiraal PJ, Derkx FH, Lamers JM, Verdouw PD, et al. 
Cardiac renin and angiotensins. Uptake from plasma versus in situ synthesis. 
Hypertension (1994) 24(l):37-48. doi:10.1161/01.HYP.24.1.37 

43. Gwathmey TM, Alzayadneh EM, Pendergrass KD, Chappell MC. Novel roles 
of nuclear angiotensin receptors and signaling mechanisms. Am J Physiol Regul 
Integr Comp Physiol (2012) 302(5):R518-30. doi:10.1152/ajpregu.00525.201 1 

44. Tadevosyan A, Vaniotis G, Allen BG, Hebert TE, Nattel S. G protein-coupled 
receptor signalling in the cardiac nuclear membrane: evidence and possible 
roles in physiological and pathophysiological function. J Physiol (2012) 590(Pt 
6): 1 3 1 3-30. doi: 10. 1 1 1 3/jphysiol.20 1 1 .222794 



Frontiers in Endocrinology | Cellular Endocrinology 



February 2014 | Volume 5 | Article 16 | 6 



De Mello and Frohlich 



Local cardiovascular and renal RAS 



45. Cook JL, Mills SJ, Naquin R, Alam J, Re RN. Nuclear accumulation of the ATI 
receptor in a rat vascular cell line: effects upon signal transduction and cellular 
proliferation. J Mol Cell Cardiol (2006) 40:696-707. doi:10.1016/j.yjmcc.2005. 
11.014 

46. Li XC, Zhuo JL. Intracellular ANG II directly induces in vitro transcription of 
TGF-betal, MCP-1, and NHE-3 mRNAs in isolated rat renal cortical nuclei 
via activation of nuclear ATla receptors. Am J Physiol Renal Physiol (2008) 
294:C1034-45. doi:10.1152/ajpcell.00432.2007 

47. Robertson AL Jr, Khairallah PA. Angiotensin II: rapid localization in nuclei of 
smooth and cardiac muscle. Science (1971) 172:1138-9. doi:10.1126/science. 
172.3988.1138 

48. Zhuo JL, Li XC, Garvin JL, Navar LG, Carretero OA. Intracellular Ang II 
induces cytosolic Ca2+ mobilization by stimulating intracellular ATI recep- 
tors in proximal tubule cells. Am } Physiol Renal Physiol (2006) 290:F 1382-90. 
doi: 1 0. 1 152/ajprenal.00269.2005 

49. Gonzalez- Villalobos RA, Janjoulia T, Fletcher NK, Giani JF, Nguyen MT, 
Riquier-Brison AD, et al. The absence of intrarenal ACE protects against hyper- 
tension. / Clin Invest (2013) 123:2011-23. doi:10.1172/JCI65460 

50. Bader M, Peters J, Baltatu O, Miiller DN, Luft FC, Ganten D. Tissue renin- 
angiotensin systems: new insights from experimental animal models in hyper- 
tension research. / Mol Med (Berl) (2001) 79(2-3):76-102. doi:10.1007/ 
S001090100210 

51. Reudelhuber TL, Bernstein KE, Delafontaine P. Is angiotensin II a direct 
mediator of left ventricular hypertrophy? Hypertension (2007) 49:1196-201. 
doi:10.1161/HYPERTENSIONAHA.106.075085 

52. Mazzolai L, Nussberger J, Aubert JF, Brunner DB, Gabbiani G, Brunner HR, 
et al. Blood pressure-independent cardiac hypertrophy induced by locally acti- 
vated renin angiotensin system. Hypertension (1998) 31:1324-30. doi: 10. 1161/ 

01. HYP.31.6.1324 

53. Domenighetti AA, Wang Q, Egger M, Richards SM, Pedrazzini T, Delbridge LM. 
Angiotensin II-mediated phenotypic cardiomyocyte remodeling leads to age- 
dependent cardiac dysfunction and failure. Hypertension (2005) 46:426-32. 
doi:10.1161/01.HYP.0000173069.53699.d9 

54. Xu J, Carretero OA, Liao TD, Peng H, Shesely EG, Xu J, et al. Local angiotensin II 
aggravates cardiac remodeling in hypertension. Am J Physiol Heart Circ Physiol 
(2010) 299(5):H1328-38. doi:10.1152/ajpheart.00538.2010 

55. Clausmeyer S, Sturebecher R, Peters J. An alternative transcript of the rat renin 
gene can result in a truncated prorenin that is transported into adrenal mito- 
chondria. Circ Res (1999) 84:337-44. doi:10.1161/01.RES.84.3.337 

56. Peters J. Cytosolic (pro)renin and the matter of intracellular renin actions. 
Front Biosci (Schol Ed) (2013) 5:198-205. doi:10.2741/S366 

57. Peters J. Local renin-angiotensin systems in the adrenal gland. Peptides (2012) 
34(2):427-32. doi:10.1016/j.peptides.2012.01.023 

58. De Mello WC. Influence of intracellular renin on heart cell communication. 
Hypertension (1995) 25:1172-7. doi:10.1161/01.HYP.25.6.1172 

59. De Mello WC. Intracellular renin alters the electrical properties of the intact 
heart ventricle of adult Sprague Dawley rats. Regul Pept (2013) 181:45-9. 
doi:10.1016/j.regpep.2012.12.015 

60. De Mello WC. Cardiac arrhythmias: the possible role of the renin angiotensin 
system. JMolMed (2001) 79:103-8. doi:10.1007/s001090100195 

61. De Mello WC. Heart failure: how important is cellular sequestration? The 
role of the renin-angiotensin-aldosterone system. / Mol Cell Cardiol (2004) 
37:431-8. doi:10.1016/j.yjmcc.2004.05.007 

62. Schefe JH, Menk M, Reinemund J, Effertz K, Hobbs RM, Pandolfi PP, et al. 
A novel signal transduction cascade involving direct physical interaction of 
the renin/prorenin receptor with the transcription factor promyelocytic zinc 
finger protein. Circ Res (2006) 99:1355-66. doi:10.1161/01.RES.0000251700. 
00994.0d 

63. De Mello WC. On the pathophysiological implications of an intracellular renin 
receptor. CircRes (2006) 99:1285-6. doi:10.1161/01.RES.0000253141.65450.fc 

64. Chappell MC. Nonclassical renin-angiotensin system and renal function. 
Compr Physiol (2012) 2:2733-52. doi:10.1002/cphy.cl20002 

65. Santos RAS, Ferreira AJ, Braga TV, Bader M. Angiotensin converting enzyme 

2, angiotensin (1-7) and Mas: new players of the renin angiotensin system. 
J Endocrinol (2013) 216:R1-17. doi:10.1530/JOE- 12-0341 

66. Carey RM, Siragy HM. Newly recognized components of the renin-angiotensin 
system: potential roles in cardiovascular and renal regulation. Endocr Rev 
(2003) 24(3):261-71. doi:10.1210/er.2003-0001 



67. Albiston AL, McDowall SG, Matsacos D, Sim P, Clune E, Mustafa T, et al. Evi- 
dence that the angiotensin IV (AT(4)) receptor is the enzyme insulin regu- 
late aminopeptidase. / Biol Chem (2001) 276(52):48623-6. doi:10.1074/jbc. 
C100512200 

68. Handa RK, Krebs LT, Harding JW, Handa SE. Angiotensin IV AT4-receptor 
system in the rat kidney. Am J Physiol (1998) 274(2 Pt 2):F290-9. 

69. Santos RA, Simoes e Silva AC, Marie C, Silva DM, Machado RP, de Buhr I, et al. 
Angiotensin-(l-7) is an endogenous ligand for the G protein-coupled recep- 
tor Mas. ProcNatlAcad Sci USA (2003) 100(14):8258-63. doi:10.1073/pnas. 
1432869100 

70. Bader M. ACE2, angiotensin^ 1-7), and Mas: the other side of the coin. Pflugers 
Arch (2013) 465(l):79-85. doi:10.1007/s00424-012-1120-0 

71. Nguyen G. The (pro)renin receptor: pathophysiological roles in cardiovascu- 
lar and renal pathology. Curr Opin Nephrol Hypertens (2007) 16(2):129-33. 
doi:10.1097/MNH.0b013e328040bfab 

72. Danser AH. (Pro)renin receptors: are they biologically relevant? Curr Opin 
Nephrol Hypertens (2009) 18(l):74-8. doi:10.1097/MNH.0b013e3283196aaf 

73. Nagata S, Kato J, Sasaki K, Minamino N, Eto T, Kitamura K. Isolation and iden- 
tification of proangiotensin-12, apossible component of the renin angiotensin 
system. Biochem Biophys Res Commun (2006) 350:1026-31. doi:10.1016/j.bbrc. 
2006.09.146 

74. Nagata S, Kato J, Kuwasako K, Kitamura K. Plasma and tissue levels of 
proangiotensin-12 and components of the renin angiotensin system(RAS) fol- 
lowing low or high salt-feeding in rats. Peptides (2010) 31:889-92. doi:10.1016/ 
j.peptides.2010.02.008 

75. Ahmad S, Simmons T, Varagic J, Moniwa N, Chappell MC, Ferrario CM. 
Chymase-dependent generation of angiotensin II from angiotensin-(l-12) in 
human atrial tissue. PLoS One (2011) 6:e28501. doi:10.1371/journal.pone. 
0028501 

76. Ferrario CM, Ahmad S, Nagata S, Simington SW, Varagic J, Kon N, et al. An 
evolving story of angiotensin-II-forming pathways in rodents and humans. 
Clin Sci (Lond) (2014) 126(7):461-9. doi:10.1042/CS20130400 

77. Lautner RQ, Villela DC, Fraga-Silva RA, Silva N, Verano-Braga T, Costa-Fraga 
F, et al. Discovery and characterization of alamandine: a novel component 
of the renin-angiotensin system. Circ Res (2013) 112:1104-11. doi:10.1161/ 
CIRCRESAHA.113.301077 

78. Kaschina E, Grzesiak A, Li J, Foryst-Ludwig A, Timm M, Rompe F, et al. 
Angiotensin II type 2 receptor stimulation: a novel option of therapeutic inter- 
ference with the renin-angiotensin system in myocardial infarction? Circulation 
(2008) 118:2523-32. doi:10.1161/CIRCULATIONAHA.108.784868 

79. Ichihara S, Senbonmatsu T, Price E Jr, Ichiki T, Gaffney FA, Inagami T. 
Angiotensin II type 2 receptor is essential for left ventricular hypertrophy and 
cardiac fibrosis in chronic angiotensin II-induced hypertension. Circulation 
(2001) 104:346-51. doi:10.1161/01.CIR.104.3.346 

80. Brede M, Hadamek K, Meinel L, Wiesmann F, Peters J, Engelhardt S, et al. 
Vascular hypertrophy and increased P70S6 kinase in mice lacking the 
angiotensin II AT2 receptor. Circulation (2001) 104:2602-7. doi:10.1161/ 
hc4601.099401 

81. Steckelings UM, Paulis L, Namsolleck P, linger T. AT2 receptor receptor ago- 
nists: hypertension and beyond. Curr Opin Nephrol Hypertens (2012) 21:142-6. 
doi:10.1097/MNH.0b013e328350261b 

82. Wagenaar GT, Laghmani elH, Fidder M, Sengers RM, de Visser YP, de Vries 
L, et al. Agonists of MAS oncogene and angiotensin II type 2 receptors 
attenuate cardiopulmonary disease in rats with neonatal hyperoxia-induced 
lung injury. Am ] Physiol Lung Cell Mol Physiol (2013) 305(5):L341-51. 
doi: 1 0. 1 152/ajplung.00360.20 12 

83. Ali Q, Wu Y, Hussain T. Chronic AT2 receptor activation increases renal ACE2 
activity, attenuates ATI receptor function and blood pressure in obese Zucker 
rats. Kidney Int (2013) 84(5):931-9. doi:10.1038/ki.2013.193 

84. Yiannikouris F, Gupte M, Putnam K, Thatcher S, Charnigo R, Rateri 
DL. Adipocyte deficiency of angiotensinogen prevents obesity-induced 
hypertension in male mice. Hypertension (2012) 60:1524-30. doi:10.1161/ 
HYPERTENSIONAHA.1 12. 192690 

85. Gonzalez A, Lopez R, Querejeta R, Diez J. Regulation of myocardial fibrillar 
collagen by angiotensin II. A role in hypertensive heart disease? / Mol Cell 
Cardiol (2002) 34:1585-93. doi:10.1006/jmcc.2002.2081 

86. Lauer D, Slavic S, Sommerfeld M, Thone-Reineke C, Sharkovska Y, Hallberg 
A, et al. Angiotensin type 2 receptor stimulation ameliorates left ventricular 



www.frontiersin.org 



February 2014 | Volume 5 | Article 16 | 7 



De Mello and Frohlich 



Local cardiovascular and renal RAS 



fibrosis and dysfunction via regulation of tissue inhibitor of matrix met- 
alloproteinase 1/matrix metalloproteinase 9 axis and transforming growth 
factor pi in the rat heart). Hypertension (2014) 63:e60-7. doi:10.1161/ 
HYPERTENSIONAHA. 113.02522 

87. Ludwig J, Kerscher S, Brandt U, Pfeiffer K, Getlawi F, Apps DK, et al. Identi- 
fication and characterization of a novel 9.2-kDa membrane sector-associated 
protein of vacuolar proton-ATPase from chromaffin granules. / Biol Chem 
(1998) 273(18):10939-47. doi:10.1074/jbc.273. 18.10939 

88. Binger K, Muller DN. Autophagy and the (pro)renin receptor. Front Cell 
Endocrinol (2013) 4:155. doi:10.3389/fendo.2013.00155 

89. Kinouchi K, Ichihara A, Sano M, Sun-Wada GH, Wada Y, Kurauchi-Mito 
A, et al. The (pro)renin receptor/ATP6AP2 is essential for vacuolar H+- 
ATAase asymmetry in murine cardiomyocytes. Circ Res (2010) 107:30-4. 
doi: 1 0. 1 1 6 1 /CIRCRESAHA. 110.224667 

90. Massiera F, Bloch-Faure M, Ceiler D, Murakami K, Fukamizu A, Gasc JM, 
et al. Adipose angiotensinogen is involved in adipose tissue growth and blood 
pressure regulation. FASEB J (2001) 15(14):2727-9. doi:10.1096/fj.01-0457fje 

91. De Mello WC, Gerena Y. Eplerenone inhibits the intracrine and extracellular 
actions of angiotensin II on the inward calcium current in the failing heart. On 
the presence of an intracrine renin angiotensin aldosterone system. Regul Pept 
(2008) 151(l-3):54-60. doi:10.1016/j.regpep.2008.06.003 

92. De Mello WC, Re RN. Systemic versus local renin angiotensin systems. An 
overview. In: De Mello WC, Frohlich ED, editors. Renin Angiotensin System and 
Cardiovascular Disease. New York: Humana Press (2009). p. 1-5. 

93. Re RN. The implication of intracrine hormone action for physiology and medi- 
cine. Am J Physiol Heart CircPhysiol (2003) 284:H751-7. doi:10.1 152/ajpheart. 
00935.2002 

94. De Mello WC. Intracellular angiotensin II increases the total potassium current 
and the resting potential of arterial myocytes from vascular resistance vessels of 
the rat. Physiological and pathological implications. ] Am SocHypertens (2013) 
7(3):192-7. doi:10.1016/j.jash.2013.02.003 

95. Nelson MT, Quayle JM. Physiological roles and properties of potassium chan- 
nels in arterial smooth muscle. Am } Physiol (1995) 268(4 Pt l):C799-822. 

96. Abadir PM, Walston JD, Carey RM. Subcellular characteristics of func- 
tional intracellular renin-angiotensin systems. Peptides (2012) 38(2):437-45. 
doi:10.1016/j.peptides.2012.09.016 

97. Lange F, Busch G, Ritter M, Volkl H, Waldegger S, Gulbins E, et al. Func- 
tional significance of cell volume regulatory mechanisms. Physiol Rev (1998) 
78:247-306. 

98. De Mello WC. Novel aspects of angiotensin II action in the heart. Implications 
to myocardial ischemia and heart failure. Regul Pept (2011) 166(l-3):9-14. 
doi:10.1016/j.regpep.2010.10.003 

99. Ferrario CM, Chappell MC, Tallant EA, Brosnihan KB, Diz DI. Coun- 
terregulatory actions of angiotensin (1-7). Hypertension (1997) 30:535-41. 
doi:10.1161/01.HYP.30.3.535 

100. De Mello WC, Ferrario CM, Jessup JA. Beneficial versus harmful effects of 
Angiotensin (1-7) on impulse propagation and cardiac arrhythmias in the fail- 
ing heart. / Renin Angiotensin Aldosterone Syst (2007) 8:74-80. doi:10.3317/ 
jraas.2007.015 

101. De Mello WC. Angiotensin (1-7) re-establishes impulse conduction in cardiac 
muscle during ischaemia-reperfusion. The role of the sodium pump. / Renin 
Angiotensin Aldosterone Syst (2004) 5(4):203-8. doi:10.3317/jraas.2004.041 

102. De Mello W, Rivera M, Rabell A, Gerena Y. Aliskiren, at low doses, reduces 
the electrical remodeling in the heart of the TGR(mRen2)27 rat independently 
of blood pressure. J Renin Angiotensin Aldosterone Syst (2013) 14(l):23-33. 
doi:10.1 177/1470320312463832 

103. Zou Y, Akazawa H, Qin Y, Sano M, Takano H, Minamino T, et al. Mechani- 
cal stress activates angiotensin II type 1 receptor without the involvement of 
angiotensin II. Nat Cell Biol (2004) 6:499-506. doi:10.1038/ncbll37 

104. De Mello WC. Mechanical stretch reduces the effect of angiotensin II on 
potassium current in cardiac ventricular cells of adult Sprague Dawley rats. 
On the role of ATI receptors as mechanosensors. J Am Soc Hypertens (2012) 
6(6):369-74. doi:10.1016/j.jash.2012.08.006 

105. Donoghue M, Hsieh F, Baronas E, Godbout K, Gosselin M, Stagliano N, et al. 
A novel angiotensin converting enzyme related carboxypeptidase (ACE2) con- 
verts angiotensin I to angiotensin (1-9). Circ Res (2000) 87:El-9. doi: 10.1 161/ 
01.RES.87.5.el 

106. Tipnis SR, Hooper NM, Hyde R, Karran E, Christie G, Turner AJ. A 
human homolog of angiotensin-converting enzyme. Cloning and functional 



expression as a captopril-insensitive carboxypeptidase. / Biol Chem (2000) 
275:33238-43. doi:10.1074/jbc.M002615200 

107. Crackower MA, Sarao R, Oudit GY, Yagil C, Kozieradzki I, Scanga SE, et al. 
Angiotensin-converting enzyme 2 is an essential regulator of heart function. 
Nature (2002) 417(6891):822-8. doi:10.1038/nature00786 

108. Ferrario CM, Trask AJ, Jessup JA. Advances in biochemical and functional roles 
of angiotensin-converting enzyme 2 and angiotensin- ( 1 -7) in regulation of car- 
diovascular function. Am J Physiol Heart Circ Physiol (2005) 289:H2281-90. 
doi:10.1152/ajpheart.00618.2005 

109. Zisman LS, Keller RS, Weaver B, Lin Q, Speth R, Bristow MR, et al. Increased 
angiotensin (1-7) forming activity in failing human heart ventricles: evidence 
for upregulation of the angiotensin converting enzyme homolog, ACE2. Cir- 
culation (2003) 108:1707-12. doi:10.1161/01.CIR.0000094734.67990.99 

110. De Mello WC. Cell swelling, impulse conduction, and cardiac arrhythmias 
in the failing heart. Opposite effects of angiotensin II and angiotensin (1- 
7) on cell volume regulation. Mol Cell Biochem (2009) 330(l-2):211-7. 
doi:10.1007/sll010-009-0135-0 

111. Kassiri Z, Zhong J, Guo D, Basu R, Wang X, Liu PP, et al. Loss of angiotensin- 
converting enzyme 2 accelerates maladaptive left ventricular remodeling in 
response to myocardial infarction. Circ Heart Fail (2009) 2:446-55. doi:10. 
1161/CIRCHEARTFAILURE.108.840124 

112. Camargo de Andrade MC, Di Marco GS, de Paulo CI, Mortara RA, Sabatini RA, 
Pesquero JB, et al. Expression and localization of N-domain ANG I-converting 
enzymes in mesangial cells in culture from spontaneously hypertensive rats. 
Am J Physiol Renal Physiol (2006) 290:F364-F375. doi:10.1152/ajprenal.00110. 
2005 

113. Campbell DJ, Zeitz CJ, Esler MD, Horowitz JD. Evidence against a major 
role for angiotensin converting enzyme-related carboxypeptidase (ACE2) in 
angiotensin peptide metabolism in the human coronary circulation. / Hyper- 
tens (2004) 22:1971-6. doi:10.1097/00004872-200410000-00020 

114. Zimmerman D, Burns KD. Angiotensin^ 1-7) in kidney disease: a review of 
the controversies. Clin Sci (2012) 123:333-46. doi:10.1042/CS20120111 

115. Zannad F, Alia F, Dousset B, Perez A, Pitt B; on behalf of RALES Investiga- 
tors. Limitation of excessive extracellular matrix turnover may contribute to 
survival benefit of spironolactone therapy in patients with congestive heart 
failure: insights from the randomized aldactone evaluation study (RALES). 
Circulation (2000) 102(22):2700-6. doi:10.1161/01.CIR.102.22.2700 

116. Mizuno Y, Yoshimura M, Yasue H, Sakamoto T, Ogawa H, Kugiyama K, et al. 
Aldosterone production is activated in the failing ventricle in humans. Circu- 
lation (2001) 103:72-7. doi:10.1161/01.CIR.103.1.72 

117. Messaoudi S, Azibani F, Delcayre C, Jaisser F. Aldosterone, mineralocorti- 
coid receptor, and heart failure. Mol Cell Endocrinol (2012) 350(2):266-72. 
doi:10.1016/j.mce.2011.06.038 

118. Bender SB, McGraw AP, Jaffe IZ, Sowers JR. Mineralocorticoid receptor- 
mediated vascular insulin resistance: an early contributor to diabetes-related 
vascular disease? Diabetes (2013) 62(2):313-9. doi:10.2337/dbl2-0905 

119. Aroor AR, Demarco VG, Jia G, Sun Z, Nistala R, Meininger GA, et al. The role of 
tissue renin-angiotensin-aldosterone system in the development of endothelial 
dysfunction and arterial stiffness. Front Endocrinol (Lausanne) (2013) 4:161. 
doi:10.3389/fendo.2013.00161 

120. Hitomi H, Kiyomoto H, Nishiyama A, Hara T, Moriwaki K, Kaifu K, et al. Aldos- 
terone suppresses insulin signaling via the downregulation of insulin receptor 
substrate-1 in vascular smooth muscle cells. Hypertension (2007) 50:750-5. 
doi:10.1161/HYPERTENSIONAHA.107.093955 

121. Briet M, Schiffrin EL. The role of aldosterone in the metabolic syndrome. Curr 
HypertensRep (2011) 13:163-72. doi:10.1007/sll906-011-0182-2 

122. De Mello WC. Spironolactone enhances the beneficial effect of aliskiren on 
cardiac structural and electrical remodeling in TGR(mRen2)27 rats. / Renin 
Angiotensin Aldosterone (2013). doi:10.1177/1470320313497818 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 22 November 2013; paper pending published: 25 January 2014; accepted: 06 
February 2014; published online: 19 February 2014. 

Citation: De Mello WC and Frohlich ED (2014) Clinical perspectives and fundamental 
aspects of local cardiovascular and renal renin-angiotensin systems. Front. Endocrinol. 
5:16. doi: 10.3389/fendo.2014.00016 



Frontiers in Endocrinology | Cellular Endocrinology 



February 2014 | Volume 5 | Article 16 | 8 



De Mello and Frohlich 



Local cardiovascular and renal RAS 



This article was submitted to Cellular Endocrinology, a section of the journal Frontiers 
in Endocrinology. 

Copyright © 2014 De Mello and Frohlich. This is an open-access article distrib- 
uted under the terms of the Creative Commons Attribution License (CC BY). The 



use, distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



www.frontiersin.org 



February 2014 | Volume 5 | Article 16 | 9 



